Soil samples contaminated with heavy metals such as lead (Pb), copper (Cu) and zinc (Zn) were leached with citric acid solution. A five step-sequential extraction method involving "exchangeable", "bound to carbonate", "bound to FeMn oxide", "bound to organic matter" and "residue" fractions was also carried out to investigate the leaching behavior of Pb, Cu and Zn with citric acid.
Introduction
Soil contaminated with heavy metals is a serious environmental problem for human and ecosystem. 14) Generally, organic contaminants in soil are biodegradable, whereas heavy metals could not be decomposed by biogeochemical processes. 5) There are many military bases in Korea due to historical and political-geographical reasons. Some military operations of these bases, such as arm training activities, have significantly contributed in heavy metal contaminated soil problems. Therefore, there is an increasing demand for the remediation of soil contaminated with heavy metals.
Various treatment methods, such as phytoremediation, thermal process, electrokinetic remediation, and washing extraction, have been developed to remove heavy metal components from contaminated soil. 6) Soil washing is a technology to extract heavy metals from contaminated soil which commands very high potential. 7) Generally, washing agents such as dispersants, strong acids, and organic acids are added to improve the efficiency of soil washing treatment. Strong acids, such as hydrochloric acid (HCl) and nitric acid (HNO 3 ), could remove more heavy metal contaminants from contaminated soil than weak acids, 3, 8, 9) however, they could acidify the soil after the treatment and further processes should be performed to neutralize the acidified soil.
Organic acids have been recognized as alternative washing agents and have been studied by several researchers. The organic acids investigated for soil treatment are acetic acid, 2) tartaric acid, 8, 10) S,S-ethylenediaminedisuccinic acid (EDDS), 5) ethylenediaminetetraacetic acid (EDTA), 1, 4, 5, 11, 12) diethylenetriaminepentaacetic acid (DTPA), 12) oxalic acid 13) and citric acid. 1, 4, 5, 8, 1014) These acids have been found to be effective in removing heavy metals by forming stable chelate complexes with the heavy metals. However, some organic reagents in washing process, such as EDTA, offer disadvantages of high cost and increase in the mobility of heavy metals due to remaining reagent even after treatment. 9) Citrate is one of the predominant organic acids in soil solution 1) and there is no concern about the mobility of heavy metal ions by complexing with citric acid because it is rapidly biodegraded. 4) So there is no concern about environmental problems after the treatment. Some researchers have reported that the leaching rate with citrate is lower than that of other reagents, such as EDTA. 6, 8) Wasay and his co-workers, on the other hand, reported that 80 to 99.9% of Cd, Cu, Pb and Zn could be removed by citric acid leaching. 12) This discrepancy could be due to the lack of understanding about the leaching behavior of heavy metal contaminants by citric acid, although there have been a few studies reported on the citric acid leaching behavior. Therefore, in the present study, the sequential extraction proposed by Tessier 15, 16) and citric acid leaching were performed for soil contaminated with heavy metals and the chemical forms of soil samples leached with citric acid were investigated by comparing the results of the two leaching methods.
Materials and Methods
The soil samples used in this study were obtained from two different confidential military sites (sites A and B) in Korea. Figures 1 and 2 show the particle size distribution of the samples from sites A and B. The leaching tests were carried out using different particle size ranges. Samples from site A contained a very small amount of particles less than 150 µm as shown in Fig. 1 , so only the soil samples of 150 to 1180 µm sizes were used for citric acid leaching and sequential extraction tests. For site B samples, significant amount of fine particles with less than 75 µm size was present (Fig. 2) , so the leaching and sequential extraction tests were performed using all size fractions. Both sites A and B samples contain heavy metals such as Pb, Cu and Zn. However, in the preliminary study, it was found that the Pb contaminant could be easily removed from site A soil sample by gravity separation processes (data not shown), and site B sample contained negligible amounts of Cu and Zn. Thus, the citric acid leaching and the sequential extraction tests were performed specifically to investigate Cu and Zn for site A sample, and Pb for site B sample. A 3 g of soil samples was digested with 28 ml of aqua regia for 2 h to investigate the concentrations of Cu, Zn and Pb in the samples according to Korea Soil Environment Standard Test of Korea Soil Environment Preservation Act. Figures 3 and 4 show the concentration levels of Cu, and Zn for site A sample, and Pb for site B sample. Analytical-grade reagents and distilleddeionized water were used in this study.
The leaching tests in 0.1 to 2.0 kmol·m ¹3 citric acid solution were performed in a 150 cm 3 Erlenmeyer flask. A 10 g of soil sample was added into 100 cm 3 citric acid solution in a flask, and then shaken in BS-31 shaking bath (Jeio Tech, Co., Ltd., Korea) at 50°C and 80 rpm. During the experiment, 2 cm 3 of the solution sample was withdrawn periodically at a desired time interval (5360 min) using a syringe. The sample was filtered with 0.45 µm membrane filter and then the filtrate was diluted with 5% HNO 3 solution.
The sequential extraction method used in this study was developed by Tessier et al. 15) and was modified by Li et al.
16)
The method involves the extraction of 1 g of dried sample under the following conditions and reagents: (1) 3 of aqua regia for 20 min. All extracted solutions were separated by centrifugation for 30 min at 10000 rpm, and then specified amounts of supernatants were taken, and then diluted with 5% HNO 3 solution. The concentrations of Pb, Cu and Zn were analyzed with AA-7000 atomic absorption spectrophotometer (Shimadzu Scientific Instrument, Ltd., Japan).
Results and Discussion
Figures 5 to 7 show the effect of citric acid concentration on the dissolution of Cu, Zn and Pb from the contaminated soil with +212 µm300 µm particle size. Because similar patterns were observed in the other particle size fractions, only the leaching results of soil with +212 µm300 µm size fraction are shown in Figs. 5 to 7. The leaching efficiencies of Cu, Zn and Pb increase rapidly within the first 5 min, and then increase gradually with longer leaching time. The leaching efficiencies increased when the citric acid concentration was increased from 0.1 to 2 kmol·m ¹3 for Pb and Zn, and to 1 kmol·m ¹3 for Cu, and the increase is more significant in the leaching of Pb compared to those of Cu and Zn. The leaching efficiencies of Cu, Zn and Pb in 2 kmol·m ¹3 citric acid solution at 120 min are 86.5, 88.9 and 83.3%, respectively. Figures 8 to 10 show the results of the sequential extraction method for Cu, Zn and Pb. As can be seen in Fig. 8, 32 .151.0 and 32.950.1% of Cu belong to "bound to carbonate" and "bound to FeMn oxide" categories, respectively. Figure 9 indicates that 23.349.9 and 42.7 64.1% of Zn distribute in "bound to carbonate" and "bound to FeMn oxide", respectively. Figure 10 illustrates that 43.262.9 and 14.629.0% of Pb distribute in "bound to carbonate" and "bound to FeMn oxide", respectively. These results suggest that the Cu, Zn and Pb distributed in the contaminated soil were weathered into carbonate and oxide forms due to oxygen and carbon dioxide in air. The amounts leached in "bound to organic matter" and "residue" fractions were found to be 6.714.3 and 2.37.7% for Cu and 1.44.1 and 5.08.2% for Zn, respectively. These values indicate that the amount of Cu and Zn leached are smaller in "bound to organic matter" and "residue" than in "bound to carbonate" and "bound to FeMn oxide". In the case of Pb extraction, the amount leached in "residue" was negligible, and the amount of leached Pb in "organic matter" increased with increasing particle size as shown in Fig. 10 . The different location and the different weathering conditions under which samples A and B were exposed, could be accounted as the probable main reason of the differences in the amount extracted for each fraction of soil samples A and B. Vantelon et al. summarized studies about soil contaminated with Pb, and reported that the outer part of Pb bullet, which penetrated soil, is slowly oxidized and weathered into hydrocerussite [Pb 3 (CO 3 ) 2 (OH) 2 ], cerussite (PbCO 3 ), massicot (¢-PbO), litharge (¡-PbO) according to chemical conditions. 17) Therefore, metal components, which belong to "bound to carbonate" and "bound to FeMn oxide" categories, would resulted from the oxidation of metal bullet according to chemical conditions around the bullet. Figures 11 to 13 show the comparison between the summation of "exchangeable", "bound to carbonate" and "bound to FeMn oxide" fractions and the amount leached with 2 kmol·m ¹3 citric acid solution for 2 h, respectively, for Cu, Zn and Pb. As can be seen in Figs. 11 to 13 , although the amounts varied depending on the particle size, the kinds of metal and the sample sites, the leached ratio with 2 kmol·m ¹3 citric acid solution comparable to the summation of amount leached in "exchangeable", "bound to carbonate" and "bound Fig. 7 The leaching efficiency of Pb with 0.1 to 2.0 kmol·m ¹3 citric acid concentration, +212 µm300 µm particle size, and 10% pulp density at 50°C and 80 rpm. Fig. 6 The leaching efficiency of Zn with 0.1 to 2.0 kmol·m ¹3 citric acid concentration, +212 µm300 µm particle size, and 10% pulp density at 50°C and 80 rpm. Fig. 8 Chemical forms of Cu in the contaminated soil with various particle sizes. Fig. 10 Chemical forms of Pb in the contaminated soil with various particle sizes. Fig. 9 Chemical forms of Zn in the contaminated soil with various particle sizes. Fig. 5 The leaching efficiency of Cu with 0.1 to 2.0 kmol·m ¹3 citric acid concentration, +212 µm300 µm particle size, and 10% pulp density at 50°C and 80 rpm.
to FeMn oxide" fractions. These results imply that there is the possibility to extract the fractions of "exchangeable", "bound to carbonate" and "bound to FeMn oxide" with citric acid although further study will be required using many kinds of contaminated soil because this study was performed only for two contaminated sites.
The leaching efficiencies of heavy metal contaminants from contaminated soils using citric acid have been found to vary from one sample site to another. This observation can be attributed to the difference in the extent of weathering depending on the environment and exposure conditions. In this study, although the leaching efficiencies of Cu, Zn and Pb in 2 kmol·m ¹3 citric acid solution show values of 86.5, 88.9 and 83.3%, respectively, heavy metal contaminants with concentrations more than the environmental standard of Korea remained unsolubilized after the citric acid leaching. Therefore, further study is required to improve the leaching efficiencies of heavy metals with citric acid.
Conclusions
The citric acid leaching and the sequential extraction tests for contaminated soil containing Cu, Zn and Pb, were conducted to investigate the leaching behavior of Cu, Zn and Pb with citric acid.
The leaching efficiencies of Cu, Zn and Pb increased with increasing citric acid concentrations. At a leching condition of 2 kmol·m ¹3 citric acid solution and 120 min, 86.5, 88.9 and 83.3% leaching efficiencies for Cu, Zn and Pb were obtained, respectively. More Cu and Zn are distributed in "bound to carbonate" and "bound to FeMn oxide" fractions than in "bound to organic matter" and "residue" fractions. The "organic matter" fraction of Pb increased with increasing particle size. When the leaching efficiencies of Cu, Zn and Pb with 2 kmol·m ¹3 citric acid solution was compared with the results of the sequential extraction, the leaching efficiencies was in a good agreement with the summation of amount leached in "exchangeable", "bound to carbonate" and "bound to FeMn oxide" fractions. Fig. 13 The comparison of summation of "exchangeable", "bound to carbonate" and "bound to FeMn oxide" fractions and the leaching efficiency with 2 kmol·m ¹3 citric acid solution for Pb. Fig. 12 The comparison of summation of "exchangeable", "bound to carbonate" and "bound to FeMn oxide" fractions and the leaching efficiency with 2 kmol·m ¹3 citric acid solution for Zn. Fig. 11 The comparison of summation of "exchangeable", "bound to carbonate" and "bound to FeMn oxide" fractions and the leaching efficiency with 2 kmol·m ¹3 citric acid solution for Cu.
